A bacteriophage encoding the Shiga toxin 2c variant (Stx2c) was isolated from the human Escherichia coli O157 strain CB2851 and shown to form lysogens on the E. coli K-12 laboratory strains C600 and MG1655. Production of Stx2c was found in the wild-type E. coli O157 strain and the K-12 lysogens and was inducible by growing bacteria in the presence of ciprofloxacin. Phage 2851 is the first reported viable bacteriophage which carries an stx 2c gene. Electron micrographs of phage 2851 showed particles with elongated hexagonal heads and long flexible tails resembling phage lambda. Sequence analysis of an 8.4-kb region flanking the stx 2c gene and other genetic elements revealed a mosaic gene structure, as found in other Stx phages. Phage 2851 showed lysis of E. coli K-12 strains lysogenic for Stx phages encoding Stx1 (H19), Stx2 (933W), Stx (7888), and Stx1c (6220) but showed superinfection immunity with phage lambda, presumably originating from the similarity of the cI repressor proteins of both phages. Apparently, phage 2851 integrates at a different chromosomal locus than Stx2 phage 933W and Stx1 phage H19 in E. coli, explaining why Stx2c is often found in combination with Stx1 or Stx2 in E. coli O157 strains. Diagnostic PCR was performed to determine gene sequences specific for phage 2851 in wild-type E. coli O157 strains producing Stx2c. The phage 2851 q and o genes were frequently detected in Stx2c-producing E. coli O157 strains, indicating that phages related to 2851 are associated with Stx2c production in strains of E. coli O157 that were isolated in different locations and time periods.
Shiga toxin (Stx) (verocytotoxin)-producing strains of Escherichia coli O157 (STEC O157) are important human pathogens that can cause severe disease, such as hemorrhagic colitis and hemolytic uremic syndrome (HUS) (22) . The ability of STEC O157 to cause disease is directly related to production of Stxs by the bacteria, and the genes for Stxs are located on bacteriophages, which are harbored on the bacterial chromosome (15, 33, 35, 45, 48, 53) . Two major types of Shiga toxins called Stx1 and Stx2, whose genes show 58% identity on the DNA level, were found in STEC O157 strains (18) . Further analysis revealed the presence of Stx2 variants called Stx2c or Stx2vha in some STEC O157 strains, and the nucleotide sequences of the corresponding stx genes were analyzed (18, 30, 32) . Stx2 and its variants Stx2c and Stx2vha show Ͼ99% identity in the genes coding for the A subunit and ϳ96% identity in those coding for the B subunit of the toxin (18, 30) . The nucleotide sequences of the B subunits of Stx2c (43) and Stx2vha (originally designated VTx2ha) (17) genes are identical, and the proteins were described as variants of the Stx2 toxin family.
Many O157 strains were found to produce more than one type of Stx, and combinations of different toxin types are frequent in STEC O157, strains which were from geographically different places and isolated at different time periods (4, 34, 38, 43, 52) . Subtyping of stx genes by PCR and endonuclease digestion of PCR products revealed that stx 2c or stx 2vha variant genes are frequently found in STEC O157 strains from different geographical origins (9, 19, 30, 34, 38, 52) . The stx 2c allele was most common among stx genes in STEC O157 strains that were isolated in Australia, Belgium, and Germany and is often present in combination with stx 1 or stx 2 genes (4, 11, 12, 36) .
Epidemiological studies have indicated that the virulence of STEC O157 strains for humans is related to the type of Stx which is produced by the strains. Production of Stx2 was found to be closely associated with HUS and bloody diarrhea in STEC O157 and non-O157 strains (4, 5, 8, 13) . The role of Stx2c in disease is less clear because it is often produced together with Stx1 or Stx2 in STEC O157 strains. Nishikawa et al. (34) reported that O157 strains carrying only the stx 2vha /stx 2c gene are less associated with bloody diarrhea than stx 2 -positive strains. However, it was not clear whether this is due to differences in toxin binding to the eukaryotic target cells or the amount of toxin which is produced by either strain (34) .
Bacteriophages encoding Stx1 or Stx2 were successfully isolated from STEC O157 strains, and their complete nucleotide sequences were determined (37, 40, 41) . In contrast, viable phages carrying stx 2c genes were not reported to be isolated from STEC O157 or non-O157 STEC strains, and the genetic analysis of stx 2c genes and their adjacent sequences were obtained only from studies of prophage DNA (10, 43, 50) . The complete nucleotide sequence of an Stx2c-or Stx2vha-encoding bacteriophage is not known, and both variant genes were not present in the two STEC O157 strains whose complete genomic sequences were analyzed (15, 35) . Since not much is known about Stx2c bacteriophages, we were interested in comparing them with other well-characterized Stx phages. For this purpose, we isolated a viable Stx2c-encoding bacteriophage from a human STEC O157 strain and compared its morphology, biological properties, and toxin production with those of other Stx-encoding phages. A genetic analysis of an 8.4-kb DNA region encompassing the stx 2c gene and the genes involved in regulation of Stx2c production was performed by nucleotide sequencing of Stx2c phage DNA.
MATERIALS AND METHODS
Bacteria and bacteriophages. E. coli O157 and non-O157 strains were from the laboratory collection of the Robert Koch Institute. The non-sorbitol-fermenting STEC strain CB2851 (O157:NM) was chosen as the source of the Stx2c-encoding bacteriophage because it carries only the stx 2c determinant and is negative for other stx genes (7). Strain CB2851 was isolated in 1993 from the feces of a 4-year-old girl with diarrhea in Germany. The 82 E. coli O157 strains that were investigated for stx genotype and for the presence of the bacteriophage 2851-associated q, o, and antB genes came originally from Canada, Denmark, Germany, The Netherlands, the United Kingdom, and the United States and were described previously (4, 6) .
The E. coli K-12 strain C600 and its derivative strains C600(H19), which carries the Stx 1 bacteriophage H19, and C600(W34), which is lysogenic for the Stx2 bacteriophage 933W, were described previously (47) . Strain CSH67 (R5) was used as a source for bacteriophage lambda for the preparation of lysates and transduction of lambda to strain C600 (28) . The origin and source of Stx phages 6220 (stx 1c ) and 7888 (stx) are described elsewhere (24, 47 (7) . Detection of stx-specific sequences was performed by PCR, and subtyping of stx genes was done by endonuclease digestion of PCR products, as previously described (5) . An stx-specific PCR product of 897 (stx 1 family) or 905 (stx 2 family) bp was obtained using common primers for all stx genes (26) , and restriction fragment typing of stx genes was performed with HincII and AccI as described previously (3) .
Induction and isolation of bacteriophages. Induction of temperate bacteriophages from E. coli was performed with ciprofloxacin (54) . A single colony of strain CB2851 was inoculated into 30 ml of Luria broth and grown under aeration for 3 h at 37°C. Ciprofloxacin (final concentration, 0.15 g/ml) was added to the growing culture, which was further incubated overnight. The bacteria were sedimented by centrifugation, and the culture fluid was filtered through 0.45-m-pore-size membranes (Schleicher and Schüll, Dassel, Germany). Dilutions of the supernatant were titrated on the E. coli K-12 strain C600. Isolation of single plaques and preparation of high-titer phage stocks were performed as described previously (47) .
Phage sensitivity tests and lysogenization of E. coli K-12 strains with Stx phages. The E. coli K-12 strains C600 and MG1655 (2) were used as bacteriophage-free recipient strains for transduction and selection of lysogens. Lysogenization of strains was performed as described previously (47) , and phage lysogens were identified by the presence of stx 2c -related sequences and production of verotoxin, as described previously (5) (Fig. 1 ). Sensitivity to various phages was investigated by spotting phage lysates on bacterial test strains as previously described (47) . The plating efficiencies of phages were determined by plating serial dilutions of phage lysates on E. coli test strains, followed by calculating the number of PFU per milliliter after overnight incubation at 37°C. The relative plating efficiency of a phage strain was calculated as the number of PFU per milliliter obtained with the test strain divided by the number of PFU per milliliter obtained on strain C600, which was used for the propagation of bacteriophages.
Induction of Stx2c production with ciprofloxacin. Overnight cultures of bacteria grown in tryptic soy broth (TSB) were diluted to 10 7 bacteria/ml in flasks containing TSB or TSB with ciprofloxacin (5 ng/ml). The cultures were incubated for 6 h at 37°C under aeration for induction of Stx production, as described previously (54) . After incubation, the number of living bacteria was determined by plating serial dilutions on Luria broth-agar plates, which were incubated overnight at 37°C. Stx2c production was measured by testing serial twofold dilutions of the bacterial-culture supernatant with the VTEC-RPLA assay as described previously (7) .
Electron microscopy. Phages were isolated in CsCl step gradients according to standard protocols (39) . Phage suspensions were prepared by negative staining with 1% uranyl acetate on carbon films according to the method of Steven et al. (46) and examined in a Philips CM100 transmission electron microscope.
Isolation of phage DNA. High-titer phage lysates (Ͼ10 9 PFU/ml) were incubated with 1 g each of DNase and RNase C (QIAGEN, Hilden, Germany)/ml for 30 min at 37°C. Phage DNA was prepared with the QIAGEN Lambda kit according to the instructions of the manufacturer.
Cross-hybridization of phage genomes. Restriction endonuclease-digested phage DNA fragments were separated in 0.8% agarose gels and transferred to Hybond N ϩ membrane (Amersham Pharmacia Biotech, Freiburg, Germany) by capillary blotting. Hybridization was performed at 65°C as described earlier (47) . For preparing gene probes, phage DNAs were digested with AccI and labeled using a fluorescein labeling kit (NEN Life Science, Boston, Mass.) according to the manufacturer's recommendations.
PCR. Amplification of DNA by PCR was performed in 30 cycles as indicated in Table 1 . Annealing temperatures were calculated with Mac Vector software (see below).
Nucleotide sequencing. PCR products purified with the QIAquick PCR Purification kit (QIAGEN) and genomic DNA of phage 2851 were used for sequencing. Sequencing reactions were carried out using dye terminator chemistry (PE Applied Biosystems, Darmstadt, Germany) and separated on an automated DNA sequencer (ABI PRISM 3100 Genetic Analyzer). The sequences were analyzed using Lasergene (DNASTAR, Madison, Wis.) and Mac Vector (Oxford Molecular Group, Campbell, Calif.) software to assemble and align the sequences and to determine putative open reading frames (ORFs). Sequence similarity searching of the current version of GenBank at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/BLAST/) was accomplished with the BLASTN, BLASTP, or BLASTX algorithm (1) .
Nucleotide sequence accession number. The nucleotide sequence of the Stx2c-encoding region of phage 2851 with a size of 8,417 bp was submitted to the EMBL data library under accession number AJ605767.
RESULTS AND DISCUSSION
Host range of phage 2851 and immunity to other Stx phages and to bacteriophage lambda. Phage lysates from the Stx2c-positive E. coli O157 strain CB2851 were prepared as described in Materials and Methods. Infection with phage 2851 resulted in lysis of the E. coli K-12 laboratory strains C600 and MG1655, showing small clear plaques; however, no lysis was observed with E. coli wild-type O157 or non-O157 STEC and Stx-negative strains. C600 and MG1655 derivative strains lyso-FIG. 1. Subtyping of stx genes in STEC O157 strains and in C600 transductants. HincII digest of stx-specific PCR products. Lanes: 1, C600 (H19) (stx 1 ); 2, E32511 (stx 2 and stx 2c ); 3, CB2851 (stx 2c ); 4, C600 (phage 2851) (stx 2c ); 5, C600 phage H19 and phage 2851 (stx 1 and stx 2c ); M, DNA Hyperladder II (range, 100 to 1,000 bp; Bioline GmbH, Luckenwalde, Germany).
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Stx2c-ENCODING PHAGE OF E. COLI O157 7031 genized with phage 2851 were isolated and shown to be cytotoxic to Vero cells and to react positively in the VTEC-RPLA assay for Stx2-type toxins. PCR-restriction fragment length polymorphism subtyping of stx genes present in lysogenized E. coli K-12 strains revealed the presence of an stx 2c gene, as found in the parental strain, CB2851 ( Fig. 1 ).
We were further interested to see if the presence of other Stx phages in the E. coli K-12 strain C600 would have an influence on sensitivity to subsequent infection with bacteriophage 2851. For this purpose, we constructed a series of C600 derivative strains which were lysogenic for phages encoding Stx1 (phage H19), Stx2 (phage 933W), Stx (phage 7888), and Stx1c (phage 6220) and for bacteriophage lambda. Lysates of the above-mentioned phages were propagated on E. coli C600 and were used in spot tests for sensitivity assays. Phage 2851 showed lysis and plaque formation on C600 strains lysogenic for phages H19, 933W, 7888, and 6220 but did not plate on C600 lysogenic for phage 2851 or on C600 lambda lysogen. In order to investigate if phages 2851 and lambda show superinfection immunity to each other, we compared the plating efficiencies of these phages on the respective C600 lysogenic strains ( Table 2 ). The plating efficiencies of phage lambda and phage 2851 were both reduced 10 5 -to 10 6 -fold on C600 strains lysogenic for either phage. These findings might indicate that phages lambda and 2851 possess related cI repressor proteins that confer superinfection immunity on phages of the same type in lysogenic E. coli strains. This possibility was further explored by nucleotide sequence analysis of the cI gene of phage 2851, which was found to be highly similar to the lambda cI gene in regions encoding functional regions of the repressor (see below).
Induction of Stx production in E. coli wild-type and K-12 strains. Induction of Stx2c production by ciprofloxacin was investigated with the parental O157 strain CB2851 and with an E. coli C600 derivative strain lysogenic for the Stx2c bacteriophage 2855. The minimal concentration of ciprofloxacin that inhibited growth of the bacteria was determined to be 25 ng/ ml. Addition of 5 ng of ciprofloxacin per ml of culture did not significantly inhibit the growth of wild-type E. coli O157 or E. coli K-12 strains but had a stimulating effect on the production of Stx2c. Stx2c production was enhanced 8-to 16-fold in CB2851 and 4-fold in the E. coli C600 phage 2851 lysogens compared to that in noninduced cultures (Table 3) . These results show that the production of Stx2c is inducible by ciprofloxacin. Similar findings were made for Stx2 in previously published studies (23, 54) .
Morphology and genome size of phage 2851. Phage lysates were purified in CsCl step gradients as described previously (47) and examined by transmission electron microscopy. Electron micrographs depicted phage particles with elongated hexagonal heads and long flexible tails, resembling phage lambda in their morphology (16) (Fig. 2) . The mean dimensions of the head were 106 nm long and 53 nm wide, and the tail was ϳ165 nm long and 8 nm wide. Isolated DNA of the phage was subjected to enzyme restriction digestion and was estimated to be ϳ53 Ϯ 1.5 kb. On the basis of its morphology and the DNA type of nucleic acid, phage 2851 was grouped in the phage family Siphoviridae.
Cross-hybridization studies with other Stx phages and phage lambda. Cross-hybridization studies of AccI-digested phage 2851 DNA with total genomic DNA of phage lambda, the Stx1-encoding phage H19, and the Stx2-encoding phage 933W were carried out to determine the potential relationship of phage 2851 to these phages. The results are shown in Fig. 3 . Clear hybridization signals were obtained with DNA fragments ranging from 1 to 20 kb in size. All phages investigated showed significant cross-hybridization to each other, differing only in size and numbers of hybridizing bands. However, a possible closer genetic relationship among the different types of Stx phages was not detectable by DNA hybridization of total phage genomes. In order to obtain more information on the genetic relationships among phage 2851, lambda, and lambdoid Stx phages, we decided to sequence a larger part of the genomic DNA flanking the stx 2c gene of phage 2851.
Sequence analysis of the stx 2c region of phage 2851. An 8,417-bp DNA region spanning the stx 2c gene of phage 2851 was sequenced by primer walking and PCR amplification. The physical map of the stx 2c region of phage 2851 is presented in Fig. 4 .
The coding sequence of the variant Stx2c toxin of the E. coli O157 reference strain E32511 differs from that of the prototypical Stx2 toxin as found in bacteriophage 933W by three amino acid replacements in the B subunit, whereas the A subunits in both toxins are identical (43) . Comparison of the Stx2c-encoding nucleotide sequence of phage 2851 to the nucleotide sequence of the stx 2c gene present in the prototype strain E32511 revealed 100% identity in the coding region of the toxin B subunit, thus confirming the stx 2c genotype of the phage. In the coding region of the toxin A subunit, we found five nucleotide changes to the sequence of strain E32511, leading to one amino acid change (an aspartic acid residue in position 277 instead of a glutamic acid residue). The region upstream and downstream of the stx 2c gene shows a genetic map similar to that of other Stx-encoding phages. Upstream of the stx 2c gene, three tRNA genes, two putative transcription terminators, and the coding region of the Q antiterminator are located. Downstream of the stx 2c gene are two putative open reading frames (orf7 and orf8), which in other Stx phages (like 933W) form only one large continuous reading frame coding for a hypothetical protein. Further downstream are genes encoding lysis proteins S and R, suggesting that the stx 2c gene is expressed late in the lytic cycle of the bacteriophage. The sequenced region encompasses three more open reading frames upstream of the Q gene which encode a Roi homologue, a NinG homologue (orf2), and a putative serine/threonine protein kinase (orf3). The last protein is frequently encoded in Stx phages and prophages and was recently described as similar to a eukaryotic tyrosine (Tyr) kinase (49) . Table 4 summarizes the data from nucleotide sequence analysis and the results of the BLAST analysis of the deduced ORFs. The presence of the late antiterminator Q, with a close relationship to the E. coli lambdoid bacteriophage 21 Q (similarity, 96.9%), which was found only rarely in Stx phages, is remarkable. So far, only the Stx2 phage LC59 has been reported to harbor a closely related q gene (29) .
Immunity and replication genes present in phage 2851. Based on similarity to DNA sequences of Stx-encoding phages or prophages available in the database, we used published oligonucleotide primers or designed new primers for PCR to determine additional genetic elements of phage 2851 outside the sequenced stx 2c region. The list of primer pairs used for PCR amplification is in Table 1 . Special focus was given to the sequence of an Stx2c-encoding prophage sequence (prophage Nil2; accession number AJ413274), which partially overlapped with our sequence (the stretch from roi to the stxB 2c gene). We were able to amplify more genetic elements upstream of the roi gene based on primers that were deduced from the Nil2 sequence. The identity of the sequences of phage 2851 and the Nil2 prophage in the overlapping sequence from roi to the stxB 2c gene, as well as in the PCR products, is Ͼ99%. Figure 4 shows the regions amplified using the primer pairs given in Table 1 below the Nil2 prophage sequence. These findings may indicate that the order of the genetic elements in phage 2851
upstream of the roi gene is the same as in the Nil2 prophage sequence.
The genetic elements identified in phage 2851 DNA by PCR and sequence analysis of the PCR products belong to the immunity and replication region. The PCR product derived from the repressor gene cI using the primers CIVTF and CIV2R is 100% identical to the corresponding regions of the cI genes of some other Stx phages (41) . The deduced cI repressor is also very similar to the cI repressor of bacteriophage HK97 (79% similarity) (21) and bacteriophage lambda (71% similarity) (accession number J02459). Remarkably, the C-terminal Table 1 ). The black boxes (no. 7 to 9) represent PCR products derived from phage 2851 DNA used for diagnostic PCR ( Numbers in parentheses represent the number of amino acids from which the identity is calculated (whole-length identity).
domains of the repressor proteins, which are responsible for dimerization of the active repressors, are identical in lambda and phage 2851. In the N-terminal region of cI 2851 , an amino acid sequence with similarity to the sequence of helices 2 and 3 of cI lambda involved in DNA binding can be identified, thus suggesting a likely explanation for the superinfection immunity between the two phages (see above). The replication genes o and p are closely related to the corresponding genes of the lambdoid, Stx-negative E. coli phage HK97 (21) but have not yet been described in other Stx phages, with the exception of the Nil2 prophage sequence. Downstream of the replication gene p and upstream of the roi gene are a number of genetic elements in the Nil2 prophage sequence which belong to the nin (N independence) region (25) . This region, which is named after deletions in the archetypical phage lambda, is frequently present in lambdoid phages, though most of the ORFs are not yet functionally assigned. We identified some genetic elements (antA, antB, and orf31/ninB) in the phage 2851 genome by PCR analysis using different primer pairs (Table 1) .
Integration site of phage 2851 in CB2851 and C600. The reported integration site for a number of Stx2 phages in E. coli is in the wrbA locus (44) . Based on published sequences, we deduced primers 60 and 61 from the sequences of the Stx2-converting bacteriophage II (GenBank accession number NC_004914) (41) and phage 933W (37) and primers 62 and 63 from the chromosomal integration site in the wrbA locus (accession number AP002554) ( Table 1) . In order to explore whether the Stx2 bacteriophage 933W and the Stx2c phage 2851 use the same integration site in the chromosomes of wild-type O157 strains and lysogenized E. coli K-12 strains, we performed PCRs for amplification of DNA fragments encompassing bacterial and phage DNA segments on the left (primers 60 and 63) and the right (primers 61 and 62) sides of the integrated prophages. In the case of phage 933W, we found amplicons of the expected sizes in the E. coli O157 reference strain EDL933W and in C600 lysogenized with phage 933W. No amplicons were obtained from strain C600 lysogenized with phage 2851 or from the E. coli O157 strain CB2851, indicating that the Stx2 and the Stx2c phage do not share the same integration site in E. coli O157 and K-12 host strains. This result might explain why stx 2c and stx 2 genes are often found together in E. coli O157 strains (4, 38, 43, 52) . Similar findings were made for stx 1 , which frequently occurs in combination with the stx 2 or stx 2c gene in STEC O157 strains, and we succeeded in isolating E. coli C600 transductants that harbored both Stx1 (H19)-and Stx2c (2851)-encoding phages in the chromosome of the E. coli K-12 host (Fig. 1, lane 5) .
Detection of phage 2851-specific gene sequences in wild-type E. coli O157 and association with strains carrying the stx 2c gene. Database searching using the BLASTN algorithm indicated few genetic elements of phage 2851 and the Nil2 prophage that might be specifically associated with the stx 2c allele and thus putative candidates for diagnostic PCR. PCR primers binding in the following DNA regions were determined: (i) replication gene o; (ii) the 5Ј region of the antB gene, including the upstream region; and (iii) the q gene ( Table 1 ). The PCR products for diagnostic PCR are indicated in Fig. 4 (PCR products 7, 8, and 9). C600 strains lysogenic for Stx phages H19 (Stx1), 933W (Stx2), 7888 (Stx), and 6220 (Stx1c) and the corresponding wild-type strains H19, EDL933, CB7888, and CB6220, which were the sources of these phages, were all negative in PCRs for the q, antB, and o gene regions. In contrast, C600 lysogenic for bacteriophage 2851 (Stx2c) and the parental strain CB2851 were positive in all three PCR assays.
We were further interested in the presence of phage 2851-specific q 2851 , o 2851 , and antB 2851 sequences in E. coli O157 strains and in their association with the stx 2c gene. For this purpose, 82 E. coli O157:H7 strains that were isolated in six different countries between 1983 and 1999 were investigated by PCR for q 2851 , o 2851 , and antB 2851 genes ( Table 5) . Seven of the 82 strains were negative for production of Stx and for stx genes, and these all tested negative for q 2851 , o 2851 , and antB 2851 sequences. The stx 2c gene was present in 35 E. coli O157 strains, and 34 (97.1%) of these were positive for the q 2851 gene (Table 5 ). Eleven strains from four countriesDenmark (two strains), Germany (six strains), United States (two strains), and the United Kingdom (the stx 2c prototype strain E32511) (43, 53)-were positive for all sequences, q 2851 , o 2851 , and antB 2851 ; three of these strains were negative for stx 2c . Taken together, these data indicate that the stx 2c gene is associated with bacteriophages similar to phage 2851 in most STEC O157 strains that were isolated in different countries and at different time periods.
Primers 5 and 6 (Table 1) , which were used for amplification of part of the coding sequence of the q gene of phage 2851, are also specific for the q gene (q V20 ) found in the Stx2vhd (Stx2c) prophage of E. coli O157 strain V20 (14) (GenBank accession number AB071845) and for the Stc2c Nil2 prophage (GenBank accession number CAC95104). Whereas the Nil2 prophage q sequence is 100% identical to the q 2851 gene sequence, the nucleotide sequences of the published q V20 gene (AB071845) and the q 2851 gene are only 98% identical. The differences can be shown by digesting the 441-bp q gene-specific PCR products with BsrD1. This enzyme cuts at two positions in the q V20 gene (AB071845) and at only one position in the q 2851 gene. Primers 5 and 6 gave size-specific PCR products in 38 of 82 E. coli O157 strains investigated. Nucleotide sequencing of some of the PCR products and digestion of all PCR products with BsrD1 revealed the presence of the bacteriophage 2851-specific q 2851 gene in all 37 O157 strains, thus differing from the Japanese E. coli O157 strain V20 (data not shown).
Conclusion. This is the first report of the isolation of a viable Stx2c-encoding bacteriophage from an STEC O157 strain that is transduceable and stably inherited in E. coli K-12 laboratory strains.
The stx 2c allele was originally described as a second toxinencoding locus in the E. coli O157 strain E32511 and was shown to differ from the prototypical stx 2 gene of phage 933W by three amino acids in the B subunit of the toxin. After cleavage of the signal peptide, the mature B subunit differs by two amino acids from the B subunit of Stx2 of bacteriophage 933W. At least one amino acid exchange is present in the toxin binding domain directed to the eukaryotic cell surface receptor Gb3 (27) . Altered receptor binding properties were shown to influence the toxicity and virulence of Stx2-related toxins (27) . On the other hand, the regulation of the different stx genes, including stx 2c , seems to be very similar. The finding that patients infected with Stx2-producing O157 strains are at higher risk to develop severe sequelae, like HUS and bloody diarrhea, than those infected with only Stx2c-producing strains therefore cannot be related to the induction of toxin production.
Comparison of the genomic sequences of Stx2c phage 2851 to the genomes of other lambdoid phages confirmed that it belongs to the family of mosaic Stx phages (42) possessing some genetic elements closely related to the corresponding genes of the lambdoid coliphage HK97, e.g., the repressor gene cI, the replication genes o and p, and the roi gene (21) . The sequence analysis suggests that expression of stx 2c genes is regulated by Q antitermination and is enhanced by induction of phage lytic growth, as was shown for other Stx phages (31, 51) . Phage 2851 resembles other Stx phages in the genetic locations and the regulation and inducibility of genes encoding Stx production (42, 54) .
In contrast to other Stx phages, phage 2851 is more similar to the toxin-negative bacteriophage lambda in its morphology, genome size, and superinfection immunity properties. On the other hand, E. coli K-12 strains lysogenized with bacteriophage 2851 were not immune to superinfection with other Stx phages, and phage 2851 does not share the same chromosomal integration site with protoype phages carrying stx 1 and stx 2 genes. These results might explain why the stx 2c determinant is frequently found together with stx 1 or stx 2 genes that are carried by other phages in E. coli O157 strains, as in the prototype strain E32511, which carries an stx 2 and an stx 2c gene (43, 53) . E32511 was isolated from a HUS patient in the United Kingdom in 1983 and shows the same o, p, and antB genes as strain CB2851, which was isolated 10 years later from a patient in Germany. Our findings that the q 2851 and o 2851 genes are associated with Stx2c-positive STEC O157 strains from different countries and time periods indicate that phages similar to 2851 are spread globally among strains of STEC O157. Further research is needed to explore the relationship of lambdoid Stx phages with nontoxigenic lambda-like bacteriophages, which are harbored in the chromosome of wild-type E. coli and other Enterobacteriaceae, and with the ecological and genetic mechanisms which contribute to the conversion of harmless prophages into vectors encoding potent pathogenicity factors causing disease in humans.
